We report on a growth of AlN at reduced temperatures of 1100 
Introduction
The metalorganic chemical vapor deposition (MOCVD) growth of AlGaInN layers is essential for the development of device structures such as light-emitting diodes (LEDs) in the violet-bluegreen wavelength region of the spectrum. The attained good understanding -including computational modeling -of the gas-phase transport phenomena, dominant gas-phase and surface reaction mechanisms, has supported the optimization of AlGaInN MOCVD processes in various types of reactors [1] . The quality of the AlGaInN epitaxial layers grown on foreign substrates is yet inadequate to fully explore the physical properties of the respective semiconductor materials. This is particularly relevant for the AlN epitaxial layers, which generally comprise high density of dislocations, and high concentration of point defects. It is difficult to grow high-quality AlN epitaxial layers as high temperatures, > 1200 o C, and low V/III ratios are required [2, 3] . While extremely low ammonia, NH 3 , flow rates of ~ 10-100 ml/min, and low V/III ratios of ~ have been applied [4, 5] , the NH 3 excess during growth should be high enough to achieve a good quality of the crystalline AlN [6] . The design and optimization of AlN MOCVD process, that manages the involved heat, gas-phase transport and gas-phase and surface reaction complexity, is a recognized issue in the research of AlN growth. It is reflected in the fact, that the surface morphology and cathodoluminescence (CL) of AlN layers grown by MOCVD at low pressures, < 200 mbar, low V/III ratios, < 2000, and reduced temperatures, < 1300 o C, were demonstrated to depend on the reactor configuration, including horizontal-or vertical-type flow with the horizontal-type flow being prone to gas-phase reactions between precursors [7] .
In this paper, we discuss surface morphology and CL of AlN epitaxial layers grown in a horizontal-tube hot-wall MOCVD reactor configured for operation at temperatures of up to 1500- The growth of AlN at reduced temperatures is often enabled in conjunction with the alternating supply of precursors (trimethylaluminum, TMAl, and NH 3 , respectively) assuming enhanced surface migration and consequent lateral growth, which are for the benefit of the material quality [9] . Different modifications of the so referred migration enhanced epitaxy have been suggested, especially in the context of the fabrication of elaborate, thick, ~ 4 µm, AlN templates on sapphire substrates for the better performance of deep-UV LEDs [10] . The growth of AlN at reduced temperatures has also been enabled by alternating between two-dimensional and three-dimensional growth modes, for which the conditions have been adjusted by changing both, the temperature and V/III ratio, together with a pulsed supply of NH 3 , and achieving thick, 1.5 µm, crack-free, multilayer AlN structure on SiC substrate [11] .
Our approach to the growth of AlN epitaxial layers involves joint delivery of both precursors. We show that the established growth conditions in conjunction with the particular insitu intervening SiC substrate treatment are pertinent to the accomplishment of crystalline AlN of device quality within relatively thin, < 700 nm, single layers, at the reduced temperature of 1200 o C.
Experimental
The AlN growth was performed in a horizontal-tube hot-wall MOCVD reactor [GaN VP508GFR,
Aixtron AB] at a process pressure of 50 mbar and process temperatures of 1100 and 1200 o C. The process temperature is measured by a two-color pyrometer focused into a hole drilled in the roof of the TaC-coated graphite susceptor (black-body radiation approximation). The substrate is heated by physical contact with the RF-heated susceptor and the additional radiative heating from the susceptor surfaces. The flow rates of carrier gases, H 2 and N 2 , were optimized for high efficiency and uniformity of the AlN growth on 2" SiC wafers [8] . The SiC substrates used in this study were of the 4H polytype and nominally on-axis. The substrates were treated in-situ the -4(16) -reactor in only H 2 flow at the low process pressure of 50 mbar, and a temperature of 1250 o C, which also served to condition the susceptor prior to the AlN growth. NH 3 and TMAl were used as precursors at a flow-rate-ratio NH 3 /TMAl of ~ 2000. NH 3 was introduced into the deposition zone when the temperature was ramped down to its set value for the AlN growth. The introduction of TMAl was delayed by further 10 minutes. Secondary ion mass spectrometry (SIMS) with Cs+ primary ion bombardment and negative secondary ion detection was employed to obtain concentration depth profiles of oxygen and other major impurities in the AlN layers.
The instrument conditions were optimized for overall depth resolution and sensitivity. The quantification of the impurity concentrations was performed using proprietary data processing method PCOR-SIMS TM [12] . Secondary electron microscopy (SEM) images, CL panchromatic images and spectra from the AlN layers were obtained in a field-emission gun scanning electron 
Results and Discussions
The surface topography of the layers is eminently receptive to the process temperature, in this hexagonal-shaped, spiral-like, and flat-top features covering dominant surface area ( Fig. 1(a) ).
Important surface reactions, related to the decomposition of growth limiting species [13] and diffusion, intensified at 1200 o C, contribute to the thorough merging of these growth features accommodating a flat surface with a root-mean-square (rms) roughness of 0.12 nm over an area of 5x5 µm 2 ( Fig. 1(b) ). Already an rms-value of 0.3 nm is considered small enough for device applications [14] .
The observation of the hexagonal-shaped, spiral-like features relates to a dislocationmediated growth mechanism at the initial stage and certainly reflects the conditions for the in-situ treatment of the SiC substrate following the description in the experimental part. Priority in this treatment was given for eliminating any residual oxides on the SiC substrate surface prior to the AlN growth. The low process pressure of 50 mbar is prompted to promote a low supersaturation of the SiC vapor over the heated substrate surface initiating preferential etching at crystal lattice defects and aided by hydrogen, known to generate the appearance of hexagonal-shaped etch pits at screw dislocations on the SiC surface [15] . The appearance of the SiC surface is further furnished by its exposition to NH 3 introduced at the end of the temperature ramp-down step and ahead of the TMAl introduction. SiC surface exposition to NH 3 is known to cause a smoothening effect attributed to a combination of nitrogen chemisorption and etching [16] . Etch pits and depressions, with the associated steps, can instantly be identified for an in-situ pre-growth treatment at a slightly exaggerating temperature of 1280 o C, for which the lateral size of the hexagonal-shaped etch pits has significantly been enlarged (the insert in Fig. 1(c) ). Consequent (Fig. 3 ) are suggestive for a rather smooth surface morphology inattentive to their distinct surface topography over a zscale of 3 -5 nm as measured by AFM (Fig. 1) . The SEM signal is formed deeper into the layers generating subsurface structure information that adds to the exclusively surface sensitive AFM observation [17] . While both layers are essentially continuous, only the very top surface topography varies.
The SEM surface morphology of the studied AlN layers does display certain differences.
The growth at 1200 o C creates nearly featureless surface ( Fig. 2(a) ), unlike the growth at 1100 o C for which the surface is populated with pits of dark contrast ( Fig. 2(b) ). Given the characteristic shape, regular or distorted hexagons, and lateral size, ~ 50 to 200 nm, as can be obtained from the SEM image, the observed surface pits can presumably be associated with defects such as nanopipes. The AFM section analysis for occasional pits, including the one indicated in Fig. 1(a) , is consistent with the interpretation for the pipe-shaped contour of the defects associated with the observed surface pits. The pits of dark contrast in the SEM images correspond to pits of extremely bright contrast in the respective panchromatic CL images (Figs. 2(c) and 2(d)).
Previously, strong CL emission has been recognized from the interior of defects like micropipes in SiC substrates. Due to the geometry of the defect, there is a relatively large surface area for emission of photons being available within the pipe [18] . We note that without any discerning cross-sectional observations, nanopipes with (1010) walls, extending along the growth direction with a constant diameter, cannot be clearly distinguished from a related type of defects, the near surface pinholes with facets along the slow-growth (1011) planes, which can occur at any stage of growth when surface roughness develops at places where growth islands meet each other, a dislocation intersects the growth surface, or at impurity clusters [19] . A rational explanation for the high-density of the hexagonal-shaped surface pits and the presumably associated with them for any successful doping of AlN and high-Al-content AlGaN [22] . It is conceived from firstprinciples calculations [23] that oxygen impurity incorporation during growth enhances the formation of cation vacancies to form energetically stable V Al or V Al O N complexes, which can reduce the conductivity, particularly in high-Al-content AlGaN and AlN [24] , as these acceptorlike defects act as compensating centers. Efficient self-compensation of carbon acceptors by carbon donors in AlN resulting in quenching of doping efficiency is predicted by quantum molecular dynamics calculations [25] . Conductivity control in high-Al-content AlGaN and AlN benefits by creating growth conditions, which drive the reduction of the amount of the incorporated oxygen and carbon impurity. We can confirm the achievement of low-resistivity Mg-doped Al 0.85 Ga 0.15 N layers grown by hot-wall MOCVD under similarly optimized growth conditions [26] .
Apart from the nanometer-size pits of extremely bright contrast, the panchromatic CL images of the studied AlN layers generally show contrast distribution across larger areas. The CL
intensity is more homogeneously distributed across the panchromatic CL image of the AlN layer grown at 1200 o C ( Fig. 2(d) ), indicative of more uniform material properties.
Typical CL spectra collected from volumes within bright and darker areas are plotted in Fig. 4 . The spectra display the AlN exciton-recombination-related near-band-edge emission (NBE) at ~ 208 nm in the deep-ultraviolet region with competitive defect-related emission in the ultraviolet (UV) region. The two spectra in Fig. 4 are rather identical with the NBE emission being of weaker intensity in the spectrum collected from the volume within darker area.
Generally, darker areas in the CL images are identified as regions where minority carriers are depleted due to high non-radiative recombination velocity at crystal defects [27] . Since the CL is not corrected for any UV response of the system, defining the relative contribution of any of the NBE-or defect-related-emission to the yielded CL intensity or comparing peak intensities at different wavelengths in a same spectrum is not relevant. Yet, the NBE emission in the deep-UV, which is the most attenuated light as it passes through the CL system optics, is dominating the spectra, which underlines the high crystalline quality of the AlN layer grown at 1200 o C. 
Conclusions

